Introduction
The connective tissue growth factor (CTGF/Hcs24) is a gene product of one of the members of the CCN gene family (Bork, 1993; Oemar and LuÈ scher, 1997; Lau and Lam, 1999; Brigstock, 1999) . The abbreviation`CCN' stands for the assemblage of the names of the original members ± ctgf, cef10 and nov. Recently in addition to these, several other genes, such as ctgf-3/ctgf-L/wisp-2/ cop1, wisp-1/elm1, and wisp-3, have been discovered, and newly classi®ed as members of this gene family (Hashimoto et al., 1998; Zhang et al., 1998; Kumar et al., 1999) . They are characterized by conserved cysteine residues and modular structure with four distinct domains in primary sequences. However, the functional properties of those genes are signi®cantly diverse ± some of them encode mitogenic, chemotactic, or angiogenic factors, whereas others were shown to be associated with growth suppression. As a typical example of those genes, ctgf is characterized by its multiple functional properties in dierent types of tissues, although it had been initially identi®ed as a platelet-derived growth factor (PDGF) ± related growth factor (Bradham et al., 1991; Kikuchi et al., 1995) . It is a mitogenic and chemotactic cytokine for ®broblasts (Kothapalli et al., 1997) , which provides a rationale for the active role(s) of CTGF in wound healing (Igarashi et al., 1993) . Angiogenic activities of CTGF have been disclosed as well by a few independent research groups including ours (Babic et al., 1999; Shimo et al., 1999) . The complex and integrated functionality of CTGF is also well-represented in its comprehensive roles in endochondral ossi®cation, most of which have been uncovered in our series of recent studies (Nakanishi et al., 1997; Nishida et al., 1998) . In those studies, CTGF was initially rediscovered as a gene product which was preferentially expressed in a human chondrocytic cell line, HCS-2/8 (Takigawa et al., 1989; Enomoto and Takigawa, 1992; Zhu et al., 1994; Ohba et al. 1995; Nakanishi et al., 1997; Hattori et al., 1998) . Our subsequent analyses further revealed its central roles in the growth and dierentiation of primary chondrocytes. In fact, CTGF promotes the proliferation and proteoglycan synthesis of rabbit primary chondrocytes. Moreover, maturation and dierentiation of chondrocytes seem to be controlled by CTGF, as well, since it stimulated type X collagen and alkaline phosphatase production in dierentiated stages (Nakanishi et al., 2000) . Therefore, CTGF has been shown to promote almost all the stages of chondrocyte growth and dierentiation towards endochondral ossi®cation. It is worth stating that, under physiological conditions in vivo, high level of CTGF expression is restrictively observed in hypertrophic chondrocytes ± the last form of the chondrocyte dierentiation (Nakanishi et al., 1997) .
Along the course of the chondrocyte dierentiation, expression of CTGF is dierentially regulated, which indicates the involvement of complex molecular mechanisms in the regulation of CTGF gene expression. It is widely recognized that transcription of the ctgf gene is induced by transforming growth factor b (TGF-b) (Grotendorst et al., 1996; Nakanishi et al., 1997; Kothapalli et al., 1998) . In addition, the fact that high levels of CTGF expression is limited to particular types of cells, such as hypertrophic chondrocytes, suggests that expression of the ctgf gene may be under repressed conditions generally in vivo. Otherwise, even apoptosis might be induced by over-expressed CTGF, as reported in a particular cell line (Hishikawa et al., 1999) . In concordance with these data, we had previously found that the 3'-untranslated region (3'-UTR) of the CTGF gene exerts repressive eects on gene expression in cis (Kubota et al., 1999b) . Namely, when the 1.1 kb fragment of the 3'-UTR cDNA was fused to a ®re¯y luciferase gene expression construct, it dramatically repressed the expression of the luciferase gene. In this study, we have performed a series of analyses, in order to map and determine the major cisacting element in the 1.1 kb 3'-UTR region. Furthermore, our extensive studies to dissect the functional properties of the identi®ed minimal element, eventually, enabled us to de®ne it as a post-transcriptional cisacting element of structure-anchored repression (CAE-SAR) of the ctgf gene expression.
Results

Identification of a minimal cis-acting repressive element in the ctgf 3'-UTR by scanning and targeted deletion analyses
In a previous study, we had discovered the strong cisacting repressive eect of the 3'-UTR of the ctgf gene (Kubota et al., 1999b) . However, it remained to be clari®ed which portion in the 1.1 kbp-long 3'-UTR is the major determinant for the observed eect. For this initial discovery, a transient expression and evaluation system of ®re¯y luciferase fusion constructs had been employed. Following the same experimental strategy, we began our search for the minimal element by scanning deletion analyses. Three upstream and downstream deletion mutants of the ctgf 3'-UTR were prepared, respectively. Those 3'-UTR fragments (six in total) were built in the same backbone as the original reporter fusion gene construct, pGL3UTRS, utilizing two derivatives of pGLs-control as parental vectors. As shown in Figure 1a , pGL3-control and its two derivatives conferred essentially the same levels of ®re¯y luciferase expression. Therefore, we could evaluate the eect of the 3'-UTR fragments with each of the three parental plasmid. The structures of the fusion genes and the results of the luciferase assays of the corresponding constructs are shown in Figure 1b , which provided quite clear ®ndings where a major ciselement is located. All the upstream deletion mutants (SS1-SS3) displayed no signi®cant cis-repression on luciferase gene expression. In contrast, as a result of cis-addition of any downstream deletion mutants (SA1-SA3), luciferase gene expression was markedly repressed. These ®ndings mapped a potential repressive element in as long as 200 bp region (SA3), which slightly cross the boundary of the coding region and 3'-UTR.
Next, we attempted to further minimize the element, based on hypothetical views obtained from previous knowledge on cis-repressive elements, which may be represented as targeted deletion analyses. As shown in Figure 2a , a few short sequences that are signi®cantly homologous to reported cis-repressive elements could be found in the 200 bp area (Brewer, 1991; Sterling and Bresnick, 1996; Ogbourne and Antalis, 1998) . Assuming that these putative elements might be involved in the observed repressive eect, two deletion mutants of SA3 were prepared. One such mutant, S4A3, retained two putative elements, while only one is involved in the other mutant. Unexpectedly, the 3'-UTR fragment with both putative elements failed to exert any signi®cant repressive eect on gene expression, whereas the other (SA4) showed as strong eect as the entire SA3 fragment. As such, for the next step, we employed an alternative approach for predicting a putative element for designing another mutant.
It is widely recognized that a number of 3'-UTRs of mRNAs possess signal sequences for mRNA export from the nucleus (St Johnston, 1995) , and determinants of mRNA stability (Moallem et al., 1998) , most of which comprise structured RNA segments. Therefore, a putative secondary structure of the SA4 region was predicted by a computer program. According to the predicted structure, interestingly, SA4 consists of two distinct substructures, the upstream-half of which was removed in the other SA3 deletion mutant (S4A3-repression-negative; Figure 2b ). Based on the hypothesis that the repressive element may act as a structured RNA element, we prepared the ®nal 3'-UTR fragment, SA5, utilizing this predicted secondary structure. As such, it confers a secondary RNA structure which is involved not in S4A3, but in SA4. The results of luciferase-SA5 fusion experiments clearly supported our idea, giving signi®cant cis-repressive eects per se (Figure 2c ). Thus, based on the series of deletion analyses, the major repressive element was minimized within 84 bases at the upstream end of the ctgf 3'-UTR, and was assumed to act at an mRNA level.
Positional and directional effects of the SA5 fragment on its repressive function
In order to further dissect the mode of the SA5-mediated repression, a few variants of luciferase-SA5 fusion genes were constructed and subjected to the same experimental evaluations. The ®rst alternative fusion gene was constructed to examine the dependence of the SA5 function on its strand direction. In this construct, SA5 is fused at the same location as pGL3SA5, but in an inversed manner. This construct confers a luciferase mRNA with an anti-sense SA5 segment at the 3'-end of the coding region (Figure 3a) . When compared to the sense-SA5 mRNA, the putative secondary structure of the anti-sense SA5 should be less stable, owing to the loss of G-U base-pairing, which were found in the sense form. As such, it was computed to form a dierent structure by a software program (Figure 3b) . Interestingly, the results of luciferase assays showed a partial repressive eect of the anti-sense form, in concordance with the partial loss of the secondary structure-forming potential (Figure 3c ). This result also implies that the primary nucleotide sequence itself is not a critical determinant Cis-repressive RNA element in ctgf 3'-UTR S Kubota et al of the SA5-associated repression. However, this ®nding did not assist us in concluding whether SA5 functioned as a silencing element at a DNA level, or not. Thus, the second variant was designed to harbor an expression machinery with the SA5 fragment immediately upstream of the promoter for luciferase gene expression. If SA5 worked as a DNA silencer element, this molecular construct, pGL3SA5pp, should have expressed less luciferase than the pGL3-control. However, addition of SA5 at this untranscribed position did not at all aect the expression level of the luciferase gene, which suggests its functional stage(s) after mRNA transcription (Figure 3c ). Together with the ®ndings with the anti-sense SA5 construct, this observation strongly indicates that the SA5-mediated regulation of gene expression should be exerted post-transcriptionally, and is critically associated with the secondary-structure, which may be here proposed to be a cis-acting element of structureanchored repression (CAESAR).
Another interesting functional aspect of CAESAR was uncovered by the analysis of another SA5-luciferase chimeric gene variant. The third variant, pGL3SA5V harbors a luciferase gene with CAESAR at the 5'-UTR ± immediately upstream of the initiation codon for the luciferase gene (Figure 3a) . In this construct, CAESAR shut o luciferase gene expression entirely (Figure 3c ). This eect may be designated as a blockade, rather than repression against gene expression. Probably, alternative mechanisms to confer such a strong eect may be involved, in addition to the authentic CAESAR function at the 3'-UTR. However, it is now clear that CAESAR acts as a potential cisrepressor of gene expression, when it is inscribed either at the 5' or 3'-end of the coding region in mRNA.
Secondary structure formation of CAESAR in vitro
Based on the ®ndings obtained above, we next examined if the SA5 (=CAESAR) RNA segment was able to form a compact secondary-structured form in vitro, as predicted by the computer analyses. For this objective, a plasmid was constructed to obtain radiolabeled CAESAR RNA. This plasmid, entitled pBSA5, possesses an SA5 cDNA fragment between two¯anking EcoRI and XbaI sites with bacteriophage Figure 1 Scanning deletion analyses for mapping functional elements in the ctgf3'-UTR. (a) Structures and phenotypes of original plasmids utilized in this study. Construction of the plasmids in this panel was described in a previous report (Kubota et al., 1999b) . Relative expression levels of ®re¯y luciferase from corresponding plasmids are illustrated in a comparative manner, which represents equal properties of pGL3-control, pGL3L(+), and pGL3L(7) as parental vectors for extensive studies, and the remarkable cisrepressive eect of the entire ctgf3'-UTR. (b) Construction and characterization of scanning deletion mutants of the 3'-UTR fused to the luciferase gene. The entire 3'-UTR is displayed at the top with restriction enzyme and primer recognition sites which were utilized for the construction of certain mutants (see Materials and methods). For all the reporter gene assays in Cos-7 cells, an established transient expression and quantitative evaluation system was employed, utilizing co-expressed Renilla luciferase activity as an internal control. Luciferase assays were carried out in duplicate, and standard deviations (s.d.s) are shown as error bars. Abbreviations; SVp: SV40 promoter, polyA: SV40 polyadenylation signal, 3'-UTR: the 3'-UTR of the ctgf gene, Luc.: ®re¯y luciferase gene, S2 and A3: recognition sites for primers CTUTS2 and CTUTA3, respectively. Hatched small boxes with small arrows on top represent multiple cloning sites described previously as well. Bars in b indicate deleted area. Arrows to the right indicate that they are in the sense direction of the luciferase gene. Numbers around the box denote nucleotide numbers counted from the ®rst nucleotide of the 3'-UTR. Except around the coding-untranslated junction, all the numbers below 10 were rounded o to 10. Expression levels of the luciferase are shown at the right as relative values against internal controls. Assays were performed in duplicate, and s.d.s are shown as error bars T3 and T7 promoters at outside ends ( Figure 4a ). Thus, the EcoRI digest and the XbaI digest of pBSA5 serve as T3 and T7 transcriptional templates to yield sense and anti-sense CAESAR RNAs, respectively. As a control, pBluescript II SK (7) was digested with KpnI to be used as a template for T3 RNA polymerase transcription to yield a 110 base unrelated RNA. In vitro transcription with those templates in the presence of a-[ 32 P]UTP provided high quality of corresponding RNAs, which gave single bands with expected electromobility in denaturing PAGE (Figure 4b ). Then, the RNAs were forwarded to the extensive in vitro folding analysis. After heat denaturation and renaturation procedure, remarkably, more than 50% of CAESAR RNA was found in a compact structured form that confers much higher electromobility in native PAGE ( Figure 4c ). In contrast to the sense CAESAR, no folded form was observed in the case of the control RNA from pBluscript II SK (7), under the same conditions. As well, secondary structure formation was detectable also in the anti-sense form of CAESAR, but the folding eciency was far-lower than the sense CAESAR. The diminished folding property of the antisense form of CAESAR is consistent with its reduced repressive eect that was examined in the in vivo luciferase reporter system ( Figure 3 ). As such, it was shown that the in vitro RNA folding eciency and in vivo repressive eect correlate with each other in the case of CAESAR, suggesting again its utility as an RNA structure-dependent post-transcriptional regulatory element.
Structural and functional characterization of CAESAR by mutational analyses
To examine the structural requirement of the CAESAR element in its repressive function in detail, four luciferase fusion constructs with mutated CAESAR were constructed and evaluated, following the same luciferase reporter assay system ( Figure 5) . One of the possible factors that may determine the speci®c cisfunction of such an element is the primary nucleotide sequence itself. Therefore, as a ®rst step, the eects of point mutations which would not aect the secondary structure formation were evaluated. A CAESAR mutant that harbor two point mutations at the largest loop in the predicted structure was constructed, and subjected to the above-described assay. Interestingly, this mutant, E23, displayed as an ecient repressive eect on gene expression as the wild-type CAESAR; hence the nucleotide sequence itself in the predicted major loop is not critically required for the CAESAR function. However, when a short deletion was introduced to partially destabilize the basic loop structure, the repressive eect of such a CAESAR variant was considerably attenuated (Figure 5: E12) , which is consistent with the results from the anti-sense form of CAESAR (Figures 3 and 4) , in terms of structurefunctional relevance. Such structural requirements, and the de®nition of CAESAR as a minimal functional element were further indicated by two additional mutants. As we expected, extensive deletion of CAESAR to leave either one minor stem-loop, or no trace of the predicted structure resulted in total loss of the repressive function. These data strongly suggest the critical requirement of the RNA secondary structure, in the CAESAR function, con®rming CAESAR as the minimal functional element.
Creation and functional characterization of a GC-rich mirror-image analogue of CAESAR In order to further con®rm the critical requirement of the secondary structure, and the¯exibility of the primary nucleotide sequence in its repressive function, a CAESAR analog was constructed and subjected to functional evaluation. Namely, a polynucleotide gene analog, which contained extensive modi®cations in the nucleotide sequence to be almost unrelated to the wildtype CAESAR, but was predicted to form the same Cis-repressive RNA element in ctgf 3'-UTR S Kubota et al secondary structure, was designed and created. Designing this analog, GC-AESAR, was performed based on the following considerations. First, major AU-tracts were replaced with GC-rich sequences to examine a possible role of AU-tracts in the repressive eect. Consequently, the GC-content of the analog became higher than the wild-type. Second, all the non-WatsonCrick G-U base pairings in the stems were removed, which enables the anti-sense transcript to form a mirror-image of the sense form with the same secondary structure. Finally, the created DNA fragment was subcloned downstream of the luciferase gene in the anti-sense direction to yield a mirror-image structured RNA with the CAESAR secondary structure and dierent nucleotide sequences in all the loops.
The results of the functional evaluation of GC-AESAR are displayed in Figure 6b . As we expected, GC-AESAR exerted as strong repressive eects on gene expression as the wild-type, despite its remarkable loss of AU-rich sequences and authentic primary structures. Here, the CAESAR function is found to depend namely on its secondary structure, whereas contributions of primary nucleotide sequence to its function were indicated to be negligible.
Steady-state mRNA level was not affected by the cis-action of CAESAR According to the cumulative ®ndings obtained above, CAESAR is strongly demonstrated to function as a post-transcriptional cis-regulatory element. Direct evidence that determined the functioning stage at a post-transcriptional level was obtained through the RNA analyses transcribed in vivo. Namely, Cos-7 cells were transfected with the same plasmids to express luciferase mRNA with or without CAESAR at the 3'-end of the coding region, and the steadystate luciferase mRNA was analysed 48 h after transfection. Ribonuclease protection analysis was employed for the study of both the mRNA quantity and structure around the CAESAR-addition point. As summarized in Figure 7a , the RNA from pGL3-control was expected to protect the entire 510 base segment that originated in pGL3-control, which was 60 bases shorter than the full-length probe due to thē anking vector sequence. In contrast, the major portion of the probe that would be protected by pGLSA5-derived mRNA was a 350 base segment, owing to the inserted CAESAR sequence. Additionally, if CAESAR could form a stable secondary structure under the hybridization condition, the other minor segment (160 bases) might be protected as well. Even in such a case, since the CAESAR structure could be primarily degraded at loops and bulges, then its remnant was to be removed subsequently, no 510 base band might be expected. As was observed in Figure 7b , the results totally corresponded with this hypothesis, which ascertained the proper retention and folding of the added CAESAR in mRNAs transcribed in vivo. The data also provided more important information on the functionality of CAESAR. Surprisingly, no decreased RNA levels were observed in CAESAR-luciferase fusion mRNA in comparison with the CAESAR (7) mRNA. This ®nding excludes the possibility that CAESAR might either repress mRNA transcription, or destabilize mRNA after transcription in exerting its repressive eect on gene expression. As such, CAESAR is de®ned as a post-transcriptional ciselement other than an RNA destabilizer herein.
A human nuclear factor that binds to CAESAR in vitro
The results in the previous subsection suggested two major post-transcriptional functional stages for CAE-SAR. One is in the nuclear export process of certain mRNAs, and the other is within translational events in the cytoplasm. First to examine the former possibility, we developed an RNA gel-electromobility shift assay (EMSA) system to elucidate if there is a speci®c nuclear factor that interacts with the structured CAESAR RNA segment, which, possibly, alters the nuclear status of those RNAs. Prior to the search for such a human cofactor, the repressive eect of the ctgf 3'-UTR that involves CAESAR was con®rmed in a variety of cell lines (Figure 8 ). After ®nding that the 3'-UTR is fully repression-active in human HeLa cells, their nuclear extract was forwarded to the RNA-EMSA. Radiolabeled and folded CAESAR RNA was complexed with increasing amounts of HeLa nuclear extract in the presence of tRNA and bovine serum albumin (BSA), then analysed through 6% native PAGE in a low-ionic strength buer (0.256TAE). As is observed again in Figure 9a , more than 50% of CAESAR was folded, while the rest remained unfolded. With a very small amount (8 ng protein) of the nuclear extract, the migration of the unfolded CAESAR was remarkably retarded, probably by a variety of single-strand nucleic acid-binding proteins. The retardation of the migration of unfolded CAESAR in PAGE increased in a dose-dependent manner along with the amount of added nuclear extract, and over 1 mg protein of the nuclear extract eventually caused aggregate formation, which did not pass through the gel matrix (Figure 9a ). In contrast, the folded form of CAESAR displayed the same electromobility up to the co-presence of 1 mg protein of the nuclear extract. However, with 5 mg of the nuclear protein, the folded CAESAR showed distinct changes in its behavior in PAGE. Indeed, a major population with slightly decreased electromobility appeared with 5 mg protein of the nuclear extract, indicating the interaction of a small factor with the CAESAR. Next, we attempted to verify the speci®city of observed binding to each form of CAESAR. First, the pattern of non-speci®c binding of nuclear proteins to single-strand RNA was compared to that of the unfolded CAESAR. Using the unrelated radiolabeled RNA from pBluescript, The name of the original plasmid for each portion is given at the top with regular arrows. The abbreviation`pA' indicates a fragment of the polyadenylation signal element in pGL3-control, whereas`pBlue' stands for pBluescript SK(7). The full-length free probe was transcribed by the T3 promoter (solid black arrow with bold lettering) with the HincII digest of pBLDLuc as a template, giving 570 bases in chain length. The mRNA from pGL3-control protects a 510 base portion, excluding the vector sequence, while two minor segments of 350 and 160 bases may be protected respectively by the mRNA from pGL3SA5, owing to the interruption by the CAESAR structure. (b) Analyses of the protected probe fragments through denaturing PAGE. Lane M: DNA size standards with indicated chain length (indicated at the left). Lane Pb: Free probe. Lanes DP, control, and SA5: Probe segments protected from ribonuclease digestion after hybridization with RNAs from Cos-7 transfectants with corresponding plasmids ± pGL3DP (DP), pGL3-control (control), and pGL3SA5 (SA5)
Cis-repressive RNA element in ctgf 3'-UTR S Kubota et al similar RNA-EMSA was performed. As a result, the unfoldable control RNA presented almost the same patterns of complex formation with 1 mg or 5 mg protein of the nuclear extract (Figure 9b ), suggesting the binding events with unfolded CAESAR to be nonspeci®c. Second, the speci®city of each binding event was evaluated by competition analyses with unlabeled CAESAR. No competitive eect was observed in the unfolded CAESAR-nuclear factor aggregate formation, even at the highest dose of the unlabeled CAESAR tested, which again indicated the binding event in the unfolded should be non-speci®c. Nevertheless, the binding of small factor to the folded CAESAR was eciently competed with 1 mg of unlabeled CAESAR (Figure 9c ). These results disclosed the presence of a particular nuclear factor that interacts with the structured CAESAR, which may be a key for CAESAR in exerting its cis-repressive function. (7) derived unrelated RNA (right three lanes) were subjected to the same procedure for complex formation with 1 or 5 mg protein of the nuclear extract, and analysed through the same gel. (c) Competition analysis of the CAESAR ± human nuclear factor complex formation with unlabeled CAESAR RNA. The 5 mg protein of the nuclear extracts were complexed with the radiolabeled CAESAR in the copresence of unlabeled CAESAR of indicated doses, shown at the top in micrograms. Note that the complex formation of the folded CAESAR was almost completely inhibited by 1 mg of unlabeled competitor, whereas the unfolded CAESAR ± nuclear factor(s) complex was not at all aected Oncogene Cis-repressive RNA element in ctgf 3'-UTR S Kubota et al
Discussion
As an extensive study to uncover the function of the 3'-UTR of the ctgf gene, we identi®ed an 84 base minimal element that repress gene expression in cis. The identi®ed element was also capable of forming a secondary structure eciently in vitro, and it had signi®cant relevance to the repressive function, which provided the basis to entitle this novel element CAESAR ± a cis-acting element of structure-anchored repression. The critical requirement of the secondary structure, rather than the primary nucleotide sequence, was also con®rmed by the characterization of an arti®cial CAESAR analog. In dissecting the functional properties of CAESAR by reporter gene fusion assays and ribonuclease protection analysis, it was found that CAESAR exerts its repressive function at a posttranscriptional stage other than by aecting the stability of certain RNAs. Finally, involvement of nuclear events was suggested by the detection of a particular human factor that interacts with the structured CAESAR RNA in vitro. As such, this is the ®rst report that identi®ed and de®ned a novel posttranscriptional cis-regulatory element in the ctgf gene.
In recent years, the 3'-UTRs of a variety of genes have been shown to contain a number of elements that are critical for determining the fate of certain mRNAs. After transcription, pre-mRNA is processed through a series of RNA splicing events. In a most recent study, an element in the 3'-UTR of tumor necrosis factor a mRNA was found to render this RNA processing mechanism (Osman et al., 1999) . After that, mRNAs are to be exported out from the nucleus through the nuclear pore. Until today, several signal mRNA sequences to facilitate this export process have been identi®ed, and surprisingly, they are all located in the 3'-UTR regions (StJohnston, 1995) .
Next, gene expression may be regulated by selected mRNA degradation processes in transit from the nucleus to the ribosome in the cytoplasm. One typical case of such modes of post-transcriptional regulation was found in parathyroid hormone (PTH) gene expression system (Moallem et al., 1998) . As is widely recognized, PTH level is duly controlled by serum calcium and phosphate concentrations in vivo. This regulation has been shown to be carried out at multiple stages along with the gene expression process. Among such multiple steps, the post-transcriptional selective mRNA degradation system, which is mediated by a small stem-loop structured element in the 3'-UTR, turned out to be a major part throughout the regulation procedure. Indeed, cytosolic extract from hypophosphatemic parathyroid tissue had accelerated the degradation of PTH mRNA speci®cally in vitro, which was later indicated to be conducted by the small RNA element in the 3'-UTR and its binding factors (Naveh-Many et al., 1999) .
Despite similar critical requirements of the stem-loop structure, a dierent mode of post-transcriptional regulation should be considered in the case of the ctgf gene, since steady-state mRNA level was never aected under the repressive condition by CAESAR. Here, possible functioning stages of CAESAR seem to be restricted in the mRNA export process and the protein translational stage. The 3'-UTR-mediated mRNA export is typically observed in human T-cell leukemia virus type I (HTLV-I) gene expression (Seiki et al., 1988; Siomi et al., 1988; Kubota et al., 1996) . The unspliced mRNA, which encodes viral structural and enzymatic protein precursors, is eciently exported from the nucleus only when the viral Rex protein binds to the structured RNA segment entitled Rex-responsive element in the 3'-UTR. Of note, a similar mRNA export system is established in human immunode®-ciency virus type I (HIV-1) by the viral Rev protein and the Rev-responsive element (RRE) (Malim et al., 1989; Zapp and Green, 1989; Heaphy et al., 1991; Malim and Cullen, 1991; Fischer et al., 1994) , which plays a key regulatory role in the viral life-cycle (Pomerantz et al., 1992) . Interestingly, the Rev-RRE interactions were found to also promote the polysomal assembly and ecient translation of the RRE-containing mRNAs (Arrigo and Chen, 1991; D'Agostino et al., 1992) . As such, the Rev-RRE system performs dual regulatory events in both mRNA export and translation stages.
In our present study, direct interaction of a human nuclear factor with the structured form of CAESAR was con®rmed in vitro. Thus, it is highly possible that the observed interaction of CAESAR and the nuclear factor might alter the tracking status of the ctgf mRNA in vivo to exert its repressive function. Also, as suggested by the study of Rev, interaction with a nuclear factor is not a negative ®nding towards its function at the protein translation level in the cytoplasm, as well. Our subsequent investigations are to determine the stage(s) for the CAESAR function in such putative processes during the course of gene expression.
It is also interesting to pursue the mechanism regarding how CAESAR conferred the complete blockade on the luciferase gene expression at the 5'-UTR. Indeed, during the course of evolution, such regulatory elements could have been spread over the human genome, and some of them may be functioning at the 5'-end of certain genes. Here, we may hypothesize several mechanisms to account for the observed dierential repressive eects of CAESAR at dierent locations. CAESAR possesses a few internal initiation codons which are therefore, located immediately upstream of the authentic initiation codon of the luciferase gene in pGL3SA5V. Thus, it is highly possible for CAESAR to interfere with the proper translation initiation process. It is also possible for CAESAR to interfere with ecient elongation of the transcripts, which might cause premature transcriptional termination in/before the coding region. Comparative investigation on CAESARs at 5' and 3'-UTRs may give insights into such dierential functionalities of CAESAR and related elements in other genes.
Under physiological conditions in vivo, CTGF expression seems to be highly restricted. Generally in a variety of tissues, the level of CTGF expression is low, or not detectable with a few exceptions. One of these with remarkable CTGF expression is the hypertrophic chondrocyte (Nakanishi et al., 1997) . High level of CTGF expression is observed only in the cells in hypertrophic zone in growth cartilage, suggesting its speci®ed roles in the ®nal stages of chondrocyte dierentiation. Also, even in connective tissue, expression of CTGF is not so prominent, unless wound healing process is initiated after injury (Igarashi , 1993) . These ®ndings suggest that strong expression of CTGF should be a quite particular event to carry out highly specialized missions when necessary, and thus is under repressed conditions in most cells' states. Therefore, disabling the repression machinery to lead to consititutive CTGF expression may well cause or assist in a discontrolled status such as ®brosis and oncogenesis (Mori et al., 1999) . This idea is actually well-represented by the fact that strong CTGF expression is observed in malignant tumor cells of dierent origins including chondrocytes and melanocytes (Kubo et al., 1998) . In this study, we discovered an element that contributes a repressive mode to the ctgf gene. To determine if releasing the CAESAR-mediated repression is a pivotal key to enabling highest expression of CTGF may provide critical insights in clarifying the mechanism of its dierential expression in the growth cartilage, during wound healing procedure, and through ®brosis and certain types of oncogenesis.
Materials and methods
Cells
Cos-7 (a monkey kidney cell line), NIH3T3 (a murine ®broblastic cell line), and HeLa (a human cervical carcinoma-derived cell line) were maintained in Dulbecco's modi®ed Eagle minimum essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in humidi®ed air containing 5% CO 2 at 378C.
Luciferase reporter constructs; parental
The parental SV40 promoter-driven ®re¯y luciferase expression plasmid (pGL3-control) was used to elucidate the eects of a variety of ctgf 3'-UTR fragments, and an HSV-TK promoter-driven Renilla luciferase expression plasmid was used as an internal control for transfection experiments, and were commercially available (Promega, Madison, WI, USA). Prior to subcloning the 3'-UTR fragments, the pGL3-control had been modi®ed to contain a multiple cloning site. The improved versions of pGL3-conrol, pGL3L(+) and pGL3L(7), yields the same expression levels as the pGL3-control, as described previously (Kubota et al., 1999b) . The initial chimeric construct (pGL3UTRS) that contains a fulllength 3'-UTR immediately downstream of the luciferase gene had been previously described as well (Kubota et al., 1999b) . All the fragments for the deletion analyses of the 3'-UTR were derived from pGL3UTRS, and built in the backbone of either pGL3L(+), or pGL3L(7).
Luciferase reporter constructs; ctgf 3'-UTR deletion mutants
The ®rst 3'-deleted mutant, pGL3SA1, was constructed by a double-step subcloning strategy. Brie¯y, a 0.75 kbp XbaIHindIII fragment of pGL3UTRS was initially subcloned between the unique XbaI and HindIII sites of pcDNA3.1(7) (Invitrogen, Groningen, The Netherlands). The implanted 3'-UTR fragment was excised once again by XbaI-PmeI double digestion, and subcloned between XbaI and EcoRV sites in pGL3L(+) to be pGL3SA1. The second 3'-deleted mutant was obtained by digestion of pGL3UTRS with A¯II and subsequent re-ligation, which resulted in self-ligation of the major fragment, giving rise to the removal of the 3'-530 bp of the 3'-UTR. The resultant chimeric construct was entitled pGL3SA2. The third 3'-deletion fragment was acquired via polymerase chain reaction (PCR) with Pfu DNA polymerase (Stratagene, La Jolla, CA, USA), under the reaction cycles that had been described previously (Kubota et al., 1999a) . The sense primer for the ampli®cation was described as CT3UTRS in a previous report (Kubota et al., 1999b) . The nucleotide sequence of the anti-sense primer, CTUTA3, comprises an EcoRI-recognition site overhang and a portion of 3'-UTR sequence (5'-GGAATTCTCGAGTCTGGGGAA-GATAGACT-3'). The amplicon was digested by EcoRI and XbaI, puri®ed, and built in the corresponding combination of enzyme cutting sites to be pGL3SA3. Three 5'-deletion mutants of the CTGF 3'-UTR were obtained and subcloned immediately downstream of the luciferase gene, following similar procedures as described above. For the construction of pGL3SS1, the double-step subcloning method was employed. Initially, a 0.8 kbp 3'-UTR fragment was exiced from pGL3UTRS by KpnI-EcoRI digestion, which was subcloned between the corresponding sites of pUC18. Then, the 3'-UTR fragment was recovered by SmaI-EcoRI digestion, in order to be fused with the luciferase gene at EcoRV and EcoRI sites in pGL3L(7). The second 5'-deleted fragment of the 3'-UTR was obtained by PCR. As a sense primer for ampli®cation, CTUTS2 (5'-CGGGATCC-TCTAGACCTGTAACAAGCCAGAT-3'), which contains a few restriction enzymatic sites as well as a ctgf 3'-UTRspeci®c sequence, was newly synthesized. The previouslydescribed CT3UTA was utilized as an anti-sense primer herein. Ampli®cation was performed under established conditions (Kubota et al., 1999a) . The ampli®ed fragment was digested by XbaI and EcoRI, puri®ed, and cloned between the corresponding sites in pGL3L(+) to yield pGL3SS2. The last 5'-deletion mutant, pGL3SS3, was also constructed through the double-step subcloning method. The ®rst subcloning with pcDNA3.1 (7) as a backbone was carried out to modify the 0.23 kbp HindIII-EcoRI, fragment of the 3'-UTR to a PmeI-EcoRI fragment. Then, as described in the construction procedure of pGL3SS1, it was subcloned between EcoRV and EcoRI sites in pGL3L(7) to be the ®nal plasmid. All the structures of the plasmids described above are illustrated in Figure 1 .
Targeted deletion mutants of the ctgf 3'-UTR was isolated via PCR. Two 3'-UTR DNA fragments in pGL3SA4 and pGL3SA5 were ampli®ed from pGL3UTRS with two sets of 3'-UTR primers. A combination of CT3UTS (sense) and CTUTA4 (anti-sense: 5'-GGAATTCTCGAGCCCCCAGT-TAGAAAAACAGAT-3'), or that of CT3UTS (sense) and CTUTA5 (anti-sense: 5'-GGAATTCGGAAAAATGA-GATGTGAATCAGT-3') was utilized for pGL3SA4, or pGL3SA5, respectively. Construction was carried out as described for pGL3SA3, utilizing XbaI-EcoRI double digestion and subsequent ligation of pGL3L(+) and the PCR products. Schematic representation of the two molecular constructs are shown in Figure 2 .
Luciferase reporter constructs; directional and positional variants
A plasmid to express ®re¯y luciferase mRNA with the antisense SA5 3'-UTR fragment was constructed, simply following the same construction strategy as the sense construct with pGL3L(7) as a backbone, instead of pGL3L(+). An SA5 fragment was also introduced upstream, or immediately downstream of the SV40 promoter in pGL3-control to yield pGL3SA5pp, or pGL3SA5V, respectively. For these molecular constructs, alternative primers to add the other restriction enzymatic sites to the SA5 sequence were designed and prepared. The sense primer, CTUTS11 (5'-ATCGAGCTCGGATCCACGGAGACATGGCATGA-3') and the anti-sense primer, CTUTA51 (5'-CCGCTCGAGCG-GAAAAATGAGATGTGAATCAGT-3'), which confer anking SacI and XhoI sites at each end, respectively, were synthesized for pGL3SA5pp. The other set of primers, CTUTSV (5'-ACCCAAGCTTACGGAGACATGGCATGA-3': sense) and CTUTAV (5'-CATGCCATGGAAAAATGAOncogene Cis-repressive RNA element in ctgf 3'-UTR S Kubota et al GATGTGAATCAGT-3': anti-sense) was prepared to obtain an SA5 fragment with¯anking HindIII and NcoI sites to construct pGL3SA5V. The parental pGL3-control and the alternative SA5 PCR products were digested by SacI-XhoI (for pGL3SA5pp), or HindIII-NcoI (for pGL3SA5V) and were subjected to ligation. The structures of these constructs are displayed in Figure 3 .
Luciferase reporter constructs; analytical mutants of the SA5 fragment
For the analyses of the structure-function relationship of the SA5 fragment of the ctgf 3'-UTR, four additional mutants of pGL3SA5 were constructed via direct assembly of synthetic oligonucleotides. Two double-stranded oligonucleotides were prepared and assembled between the XbaI and EcoRV sites of pGL3L(+) to give rise to pGL3E23, which possess an SA5 with two point mutations in a putative loop structure as shown in Figure 5 , providing an internal EcoRI site. In pGL3E12, a shorter pair of complementary oligonucleotides substituted the upstream-half of the mutated SA5, utilizing the acquired EcoRI site. The other two chimeric constructs, pGL3E1 and pGL3E2, were constructed simply by inserting either the upstream, or downstream-half of the SA5 portion, which was utilized for the construction of pGL3E12, into the XbaI-EcoRI, or EcoRI-EcoRV digest of pGL3L(+), respectively. All the sequences that were added to the luciferase mRNA in those constructs are illustrated in Figure 5 .
The mirror-image, GC-rich analog of the SA5 was obtained through three-step auto-PCR ampli®cation by Pfu polymerase with four primers. An anti-sense primer, GCSA1 (5'-AGATCATGACGGCGCCAGGGCATGAAGCCCGG-GA-3') was annealed with the ®rst sense primer, GCSA2 (5'-GCGGAGTTAATGTCTCTCACTCCCGGGCTTCAT-3') at the 3'-13nt tracts of each other, then ampli®ed through 20 cycles of PCR to yield a 54 bp double-strand DNA. Next, 1 ml out of 100 ml of the total reaction mixture was utilized as a template for subsequent extension. Using GCSA1 and GCSA3 (5'-GTGACGCGGTTCGAATTCCAGTCCGCG-GAGTTAATGT-3': sense) that recognize the GCSA2-end of the primary amplicon, the DNA fragment was extended to 78 bp by 20 cycles of PCR. Repeating the same procedure with GCSA1 and GCSA4 (5'-GGAATTCGGCGCGGCGG-GATGTGACGCGGTTCGAA-3': sense), we eventually extended the secondary amplicon to the resultant GCSA (GC-AESAR) fragment (Figure 6 ). The GC-AESAR fragment was subcloned into pGL3L(+) at the unique EcoRV site to yield pGL3GCSA with a chimeric luciferase-GCSA gene. The resultant GC-AESAR sequence was predicted to form the expected secondary structure (Figure 6a ) by a computer program, as described later in this section.
Plasmids for in vitro transcription
Two plasmids were constructed to transcribe RNAs in vitro for folding analysis, ribonuclease protection analysis and RNA gel-electromobility shift assay. As a parental and control plasmid, pBluscript SK(7) (Stratagene) was purchased and utilized. The plasmid, pBSA5, was constructed by subcloning the same SA5 fragment as used for the construction of pGL3SA5 between XbaI and EcoRI sites of pBluescript SK(7). Transcripts from pBSA5 were used for in vitro folding and RNA gel-electromobility shift analyses, as illustrated in Figure 4 . The other plasmid was constructed through an intermediate plasmid containing the entire luciferase coding region and a portion of polyadenylation signal region of pGL3-control. The proconstruct was obtained by subcloning of the 1.85 kbp HindIII-HpaI fragment from pGL3-control between the unique HindIII and SmaI sites in pBluescript SK(7). Then, this plasmid was subsequently digested by HincII and self-religated to remove the 1.28 kbp major portion of the luciferase coding region.
The resultant plasmid, pBSDLuc, contained 0.35 kbp gene fragment encoding the carboxy terminus of the luciferase followed by 0.16 kbp sequence from pGL3-control as an external insert between the HincII and SmaI sites in pBluescript SK (7). The structure of pBSDLuc is displayed in Figure 6 .
The proper structures of all the newly constructed plasmids were con®rmed by automated DNA sequencing by a dyeterminator method (Applied Biosystems/Perkin Elmer, Foster City, CA, USA).
DNA transfection
Twenty hours prior to transfection, 2610 5 (Cos-7, or NIH3T3), or 4610 5 (HeLa) cells were seeded in a 35 mm tissue culture dish. Cationic liposome-mediated DNA transfection was performed with 1 mg of each pGL3 derivative in combination with 0.5 mg of pRL-TK, according to the manufacturer's optimized methodology (LipofectAMINE : Gibco/BRL, Rockville, MD, USA). Several sets of transfection experiments with Cos-7 cells were performed at a reduced scale with 7610 4 cells, 0.5 mg of each pGL3 derivative and 0.25 mg of pRL-TK in 12-well tissue culture clusters. Forty-eight hours after transfection, the cells were lysed in 500 ml of a passive lysis buer (Promega, Madison, WI, USA). Cell lysate was directly forwarded to the luciferase assay.
For RNA analysis, transfection was carried out at an eightfold expanded scale in a 10 cm diameter tissue culture dish with 1.6610 6 Cos-7 cells and 8 mg of each pGL3 derivative. Total RNA was extracted 48 h after transfection, as described elsewhere.
Luciferase assay
The Dual Luciferase system (Promega) was applied for the sequential measurement of ®re¯y and Renilla luciferase activities with speci®c substrates of beetle luciferin and coelenterazine, respectively. Cell lysate was diluted accordingly to be measured accurately within the linear range. Quanti®cation of both luciferase activities and calculation of relative ratios were carried out manually with a luminometer (TD-20/20 : Turner Designs, Sunnyvale, CA, USA).
In vitro transcription and folding analysis of RNA Radiolabeled SA5 portion (Figure 2 ) of ctgf mRNA and other control RNAs were transcribed in vitro by bacteriophage T3, or T7 RNA polymerase in the presence of a-[ 32 P]UTP (Dupont/NEN, Boston, MA, USA). Transcription reaction was performed at 378C for 1 h with reagents supplied by a manufacturer (Promega), followed by DNase and proteinase K digestion steps, according to an established protocol (Gilman, 1987) . Plasmid templates were linearized by single digestion with speci®c enzymes shown in Figure 4 prior to transcription. After the removal of unincorporated radionucleotides through spin column puri®cation, quality of transcripts were examined by 6% polyacrylamide gel electrophoresis (PAGE) in the presence of 7 M urea. For the folding analysis, radiolabeled RNAs were heated at 858C for 5 min, then gradually cooled to room temperature. At this point, RNAs were diluted in a 10 mM HEPES buer containing 100 mM KCl, 0.2 mg/ml of yeast RNA (Sigma), and 0.2 mg/ml of bovine serum albumin (BSA). After cooled further to 48C, RNAs were subjected to 6% native PAGE analysis in 0.256 tris-acetate-EDTA (TAE) buer. Analytical gels were dried and autoradiographed.
RNA extraction and ribonuclease protection analysis
Total RNA was isolated from Cos-7 transfectants at a scale of 10 cm diameter tissue culture dish by an acid guanidium phenol chloroform method, using a commercially available Cis-repressive RNA element in ctgf 3'-UTR S Kubota et al reagent (Trizol: Lifetechnologies, Rockville, MD, USA). The riboprobe was transcribed by T3 RNA polymerase, as described elsewhere, with HincII digest of pBSDLuc as a transcriptional template (Figure 7 ). Twenty micrograms of total RNA was hybridized with 7610 5 c.p.m. of radiolabeled probe in a hybridization buer containing 80% formamide at 428C for 20 h. After hybridization, the RNA mixture was digested by a cocktail of RNase T1 and RNase A at 308C for 40 min, as described previously (Gilman, 1987; Kubota et al., 1995) . Digested mixture was analysed through 6% PAGE analysis at denaturing conditions in 16 tris-borate-EDTA (TBE) buer.
RNA gel-electromobility shift assay (RNA-EMSA) RNA-EMSA was performed according to a previously established protocol (Ohno et al., 1990; Kataoka et al., 1995) . Brie¯y, 5 ml of folded RNA mixture (described in another subsection) containing 20 000 c.p.m. of 32 P-labeled probe, 1 mg of yeast RNA and 1 mg of BSA was preincubated at 48C for 10 min. To the pre-incubated mixture, serially-diluted HeLa nuclear extract (Transcription grade: Promega) was prepared in 5 ml of 10 mM HEPES buer and added. Binding reactions were performed at 208C for 15 min. Immediately after the binding procedure, samples (10 ml) were loaded onto a 6% native PAGE in 0.256TAE buer. For competition analysis, competitor SA5 RNA was transcribed in vitro at ®vefold expanded scale with unlabeled ribonucleotides. One microlitre of serially diluted competitor in 10 mM HEPES buer was added to the 5 ml of 32 P-RNA mixture with 5 ml of the nuclear extract, thus the total volume of the binding mixture with competitors was 11 ml, instead of 10 ml.
Secondary structure prediction of RNA segments
Computer-associated prediction of putative RNA secondary structure was performed with a select software program (GENETYX ver. 8.0: Software Development co. ltd., Tokyo, Japan).
